T cells of nuclear forms of key host transcription factors (e.g., NFkB and NFAT), the absence of Tat and associated host factors that promote efficient transcriptional elongation, epigenetic changes inhibiting HIV-1 gene expression, and transcriptional interference. The presence of a latent reservoir for HIV-1 helps explain the presence of very low levels of viremia in patients on antiretroviral therapy. These viruses are released from latently infected cells that have become activated and perhaps from other stable reservoirs but are blocked from additional rounds of replication by the drugs. Several approaches are under exploration for reactivating latent virus with the hope that this will allow elimination of the latent reservoir.
HISTORY AND DEFINITIONS
V iral latency is a state of reversibly nonproductive infection of individual cells. For some viruses, notably select members of the Herpes virus family, latency provides an important mechanism for viral persistence and escape from immune recognition (Perng and Jones 2010) . Several Herpes viruses have elaborate genetic programs that allow persistence of viral genomes with minimal viral gene expression. For retroviruses, stable integration of reverse transcribed viral cDNA into host cell chromosomes is an essential step in the life cycle that allows persistence of viral genomes for the lifespan of infected cells. Some retroviruses also establish a state of latent infection. In early studies of sheep infected with the visna lentivirus, a restricted pattern of gene expression from proviral DNA was observed that suggested latency (Brahic et al. 1981) . For HIV-1, the term latency was initially used in the clinical sense to describe the long asymptomatic period between initial infection and the development of AIDS. However, with the advent of sensitive RT-PCR assays for viremia (Piatak et al. 1993) , it became clear that HIV-1 replicates actively throughout the course of the infection, even during the asymptomatic period. The major mechanism by which HIV-1 evades immune responses is not latency but rather through rapid evolution of escape mutations that abrogate recognition by neutralizing antibodies and cytolytic T lymphocytes (Bailey et al. 2004) . Nevertheless, it has become clear that HIV-1 can establish a state of latent infection at the level of individual T cells.
Initial evidence suggesting HIV-1 latency came from in vitro infections of transformed cells lines. Surviving infected cells showed low or absent HIV-1 gene expression that could be up-regulated by various stimuli, including those causing T-cell activation (Folks et al. 1986 ). Molecular studies had established that transcription from the HIV-1 LTR was stimulated by inducible host transcription factors, such as NFkB. This factor rapidly translocates into the nucleus in response to T-cell-activating stimuli because of stimulus-coupled degradation of its cytoplasmic inhibitor, IkBa (Nabel and Baltimore 1987; Siekevitz et al. 1987; Bohnlein et al. 1988; Duh et al. 1989 ). Thus, a connection between latent infection and resting but not activated CD4 þ T cells seemed quite likely. Interestingly, HIV-1 does not efficiently establish productive infection in resting CD4 þ T cells (Zack et al. 1990; Bukrinsky et al. 1991; Zhou et al. 2005) . How then can a stable state of latent infection develop in these resting cells? One plausible hypothesis is based on the normal physiology of CD4 þ T cells (Fig. 1A) . In response to antigen, resting CD4 þ T cells undergo a burst of cellular proliferation and differentiation, giving rise to effector cells. Most effector cells die quickly, but a subset survives and reverts to a resting G 0 state. They persist as memory cells, with an altered pattern of gene expression enabling long-term survival and rapid responses after reexposure to antigen. Activated CD4 þ T cells are highly susceptible to HIV-1 infection and typically die quickly as a result of the cytopathic effects of the virus or host immune responses (Ho et al. 1995; Wei et al. 1995) . However, some activated CD4 þ T cells may become infected and then survive long enough to revert back to a resting state (Fig. 1B) . Because HIV-1 gene expression is dependent on inducible host transcription factors that are only transiently activated after exposure to antigen, HIV-1 gene expression may be extinguished as the cells revert to a resting memory state. The result is a stably integrated but transcriptionally silent form of the virus in a cell whose function it is to survive for long periods of time. With time, additional epigenetic mechanisms discussed below may enforce latency. In the latent state, the virus persists simply as information (in the form of 10 kb of integrated HIV-1 DNA), and it is thus unaffected by antiretroviral drugs or immune responses. However, if the host cell becomes activated by an encounter with antigen or other activating stimuli, latency may be reversed, and the cell may begin to produce a virus. Therefore, by this hypothesis, HIV-1 latency inadvertently exploits the most fundamental characteristic of the immune system, the immunological memory that resides in long-lived resting lymphocytes.
A prediction of this model is that a stable latent form of HIV-1 should reside in the memory subset of resting CD4 þ T cells (Fig. 1 ). Proving that latently infected cells were present in vivo required the development of methods for isolating extremely pure populations of resting CD4 þ T cells and demonstrating that within these populations were cells carrying the HIV-1 genome stably integrated into host chromosomes. In addition, it was necessary to show that replication-competent virus could be rescued from resting CD4 þ T cells by cellular activation. This was particularly important because the mere presence of viral nucleic acids in resting CD4
þ T cells could also be compatible with the presence of defective viruses. In 1995, the presence of integrated HIV-1 DNA in highly purified populations of resting CD4 þ T cells was definitively shown by inverse PCR (Chun et al. 1995) . Replication-competent virus could be rescued by cellular activation (Chun et al. 1995) . This study established that latently infected cells were present in infected þ T cells become infected and survive long enough to revert back to a resting memory state that is nonpermissive for viral gene expression. The resulting latent reservoir is intrinsically stable because memory cells have a long lifespan and can undergo a process of proliferative renewal through homeostatic proliferation.
individuals. Interestingly, the frequency of latently infected cells was low. A critical further advance was the development of a culture assay that allowed quantitation of cells harboring replication-competent virus (Chun et al. 1997a) . In this assay, serial dilutions of purified resting CD4
þ T cells are stimulated with a mitogen that induces 100% of the cells to undergo blast transformation. This cellular activation reverses latency, allowing virus production. Released viruses are expanded in CD4 þ T lymphoblasts from normal donors that are added to the culture. Virus growth is detected by ELISA of HIV-1 p24 antigen in the supernatant, and frequencies are calculated using limiting dilution statistics. With this approach, resting CD4 þ T cells harboring replication-competent virus were detected at low frequency (1/10 6 ) in the blood and lymph nodes of all infected individuals studied. Although several mechanisms have been proposed for the origin of latently infected cells, the finding that latent HIV-1 resides predominantly in the memory subset of resting CD4 þ T cells (Chun et al. 1997a; Chomont et al. 2009 ) is consistent with the hypothesis presented above. This model is further supported by recent studies describing the in vitro production of latently infected resting CD4 þ T cells from activated primary CD4 þ T cells that are infected and then allowed to return to a quiescent state (reviewed in Yang 2011) .
Shortly after the in vivo detection of latently infected cells was first reported, combinations of antiretroviral drugs known as highly active antiretroviral therapy, or HAART, were shown to reduce plasma virus levels to below the limit of detection, raising hopes for viral eradication (Gulick et al. 1997; Hammer et al. 1997; Perelson et al. 1997) . The question immediately became whether the pool of latently infected cells would persist in patients who had suppression of viremia to undetectable levels on HAART. Using the culture assay approach described above, three groups simultaneously showed in 1997 that latently infected cells persisted in patients who were responding well to HAART (Chun et al. 1997b; Finzi et al. 1997; Wong et al. 1997) . Subsequent longitudinal studies showed that the decay rate of the pool of latently infected cells was extremely slow, with a half-life of 44 months (Finzi et al. 1999; Siliciano et al. 2003) . At this rate, over 70 years of treatment would be required to eradicate the latent reservoir. These studies led to the proposal that the latent reservoir in resting memory CD4 þ T cells guarantees lifetime persistence of the virus, even in patients on suppressive HAART regimens (Finzi et al. 1999; Siliciano et al. 2003; Strain et al. 2003) . Because of the existence of stable viral reservoirs, a rebound in viremia inevitably occurs within weeks after interruption of therapy (Davey et al. 1999) . Although multiple reservoirs may exist, replication-competent HIV-1 can be isolated from resting CD4 þ T cells of all patients on HAART, regardless of the duration of treatment, making this reservoir the best-established barrier to HIV-1 eradication.
MOLECULAR MECHANISMS OF HIV-1 LATENCY
As discussed, a leading theory for how HIV-1 latency is initially established involves infection of activated CD4 þ T cells as they are returning to a resting state to form long-lived memory T cells (Fig. 1B) . Although this transition may give rise to proviral latency, it remains unclear how the latent state is maintained within these cells. Many studies have been performed exploring the mechanistic basis for latency. All of these studies share the ultimate aim of improving our understanding of this process sufficiently to allow a successful rational attack on the latent reservoir.
Chromatin and HIV-1 Latency
One possible mechanism for maintaining the latent state involves epigenetic changes in chromatin that suppress HIV-1 gene expression. Expression of host genes is dynamically regulated through changes in chromatin structure, chiefly reflecting altered states of chromosomal DNA compaction (Felsenfeld and Groudine 2003) . DNA compaction can be more than four orders of magnitude greater in a condensed metaphase chromosome than in an actively transcribed gene. Transcribed genes are usually found within "relaxed" chromosomal DNA, termed euchromatin; nonexpressed genes commonly reside within more condensed chromosomal DNA, termed heterochromatin (Tamaru 2010) . Heterochromatin formation impairs gene expression by impeding transcription factor access to the underlying DNA (Fig. 2) . In an informative cell line model of HIV-1 latency called J-Lat (Jordan et al. 2001) , integrated latent HIV-1 proviruses were identified within heterochromatic regions, including centromeric alphoid repeats (Jordan et al. 2003) . Nevertheless, these latent viruses could be successfully activated when cells were exposed to various stimuli, including phorbol esters or tumor necrosis factor a. Further studies with this system revealed that inducible HIV-1 gene expression with integration into gene deserts, centromeric heterochromatin or highly expressed cellular genes (Lewinski et al. 2005) . Although the notion of integration within heterochromatic sites was interesting from a mechanistic perspective, extensive studies of HIV-1 integration sites in cell lines infected in vitro with HIV-1 had established that HIV-1 generally integrates within cellular genes (Schroder et al. 2002) . In vivo studies of HIV-1 integrations sites in resting CD4 þ T cells from patients on HAART showed that most of the integrated HIV-1 DNA was within cellular genes that are actively transcribed in resting CD4 þ T cells . These findings prompted a general reconsideration of the underlying mechanisms of HIV-1 latency and raised the notion that the mechanisms might in fact be multifactoral ). Although integration within heterochromatin does not appear to be a major mechanism of HIV-1 latency, other aspects of chromatin biology are clearly involved. Nucleosomes are the fundamental structural unit of chromatin (Bai and Morozov 2010) . A single nucleosome comprises 147 base pairs of DNA wrapped in 1.67 left-handed superhelical turns around an octet of histone proteins that includes H2A, H2B, H3, and H4. Nucleosomes are separated by 80 nucleotides of linker DNA, where histone H1 binds. Nucleosomes are regulated by both SWI/SNF remodeling complexes (Liu et al. 2011) and posttranslational modifications of the histone tails, including acetylation, methylation, ubiquitylation, phosphorylation, sumoylation, and poly ADP-ribosylation (Goldberg et al. 2007) . Unique combinations of these modifications have been proposed to generate a "histone code" that may provide a more universal set of operating instructions governing chromatin assembly and gene expression (Fischle et al. 2003) .
Strikingly, two nucleosomes, nuc-0 and nuc-1, consistently form within the 5 0 long terminal repeat (LTR) of HIV even when the provirus is integrated within euchromatin (Verdin et al. 1993) . These nucleosomes regulate the basal transcriptional activity of the 5 0 LTR because they overlap with the binding sites for many key transcription factors that drive HIV-1 gene expression. Reactivation of latent HIV-1 proviruses by external stimuli is consistently associated with remodeling of nuc-1. Maintenance of nuc-1 is highly dependent on the state of histone acetylation based on the finding that histone deacetylase (HDAC) inhibitors promote effective remodeling of nuc-1 and transcriptional activation of HIV-1 (Laughlin et al. 1993; Van Lint et al. 1996) . By analogy, it seems likely that one or more HDACs are active on the LTR of HIV-1 proviruses where nuc-1 is maintained. HDACs do not directly bind to DNA; rather these enzymes assemble with other proteins that bind DNA. The resulting protein complexes exert repressive effects on transcription. Subsequent studies revealed that HDAC-1 is effectively recruited to the HIV-1 LTR through its interactions with multiple host factors, including p50 homodimers of NF-kB, LSF1, YY1, thyroid hormone receptor, and other DNA binding partners (Coull et al. 2000; Hsia and Shi 2002; Williams et al. 2006) . Importantly, addition of HDAC inhibitors not only promotes effective remodeling of nuc-1 but also increases the effective recruitment of RNA Pol II, leading to the commencement of RNA synthesis (Williams et al. 2006) . Administration of valproic acid, a weakly active HDAC inhibitor, to HIV-1-infected patients receiving antiretroviral therapy was initially reported to result in modest decreases in the latent reservoir (Lehrman et al. 2005) . Disappointingly, in subsequent studies, this agent did not produce durable effects on the latent reservoir (Siliciano et al. 2007; Archin et al. 2010) .
DNA Methylation and HIV Latency
DNA methylation is another mechanism that reinforces HIV-1 latency. The HIV-1 transcription start site is flanked by two CpG islands that are methylated in J-Lat T cells and a primary CD4 þ T cells model of HIV-1 latency (Blazkova et al. 2009; Kauder et al. 2009 ). Methyl CpG binding domain protein-2 (MBD2) and HDAC2 are detectable at one of these CpG islands during latency, and inhibition of methylation on deoxycytosines by addition of 5-aza-2 0 -deoxycytidine (aza-CdR) prevents recruitment of MBD2 and HDAC2 (Kauder et al. 2009 ). Of note, synergistic reactivation of latent HIV-1 gene expression occurs when cells are cocultured with aza-CdR and inducers of NFkB (e.g., prostratin or tumor necrosis factor a). CpG methylation may, in fact, correspond to a relatively late silencing event in a sequential program of modifications that serve to reinforce latency. Consistent with this model, proviruses in memory CD4 þ T cells of some patients on HAART contain a high proportion of nonmethylated cytosines within the 5 0 LTR (Blazkova et al. 2009 ). The renewed appreciation of the potential regulatory role of DNA methylation will likely prompt new studies of DNA methylation inhibitors in combination with other latency antagonists.
Transcriptional Interference as a Potential Driver of HIV Latency
In general, HIV-1 favors integration into actively transcribed genes (Schroder et al. 2002) , likely because the host factor LEDGF/p75 (Meehan et al. 2009 ) binds to integrase and directs integration to intronic regions within these highly expressed genes. Nevertheless, the finding that latent proviruses are frequently integrated within highly expressed genes in both J-Lat cells (Lewinski et al 2005) and primary CD4 þ T cells ) was quite surprising. These findings suggest that some forms of latency mechanistically involve transcriptional interference (Fig. 3) . Different forms of transcriptional interference occur, depending on the orientation of the HIV-1 provirus relative to the host gene. If both share the same polarity, promoter occlusion can occur in which read-through by an upstream elongating RNA Pol II displaces key transcription factors on HIV-1 LTR, thereby reinforcing viral latency (Greger et al. 1998; Lenasi et al. 2008) . In a primary cell model of HIV-1 latency, a modest preference for integration with the same polarity was observed . Conversely, if the cellular gene and provirus are arranged in opposite polarity, RNA Pol II collisions may occur, leading to premature termination of transcription at one or both promoters (Han et al. 2008 ). This form of transcriptional interference could also generate double-stranded viral RNAs that might participate in RNA interference, lead to RNAmediated methylation, or result in biologically active antisense RNAs. Despite the mechanism of transcriptional interference, activation of the HIV-1 LTR converts this promoter into a very strong transcription unit possibly because
3′ LTR Pol II P P P P P P P P P P P P P P P P Promoter occlusion Collision S p 1 P o l I I Figure 3 . Two scenarios in which transcriptional interference may promote HIV-1 latency. In the first case, the HIV-1 provirus is integrated in the same polarity as an upstream gene within an intron of this gene. Read through by RNA Pol II initiating at the upstream promoter occludes the 5 0 LTR and displaces key transcription factors thereby promoting viral latency. Alternatively, the HIV-1 provirus and the cellular gene may be arranged in opposite polarity. In this situation, initiating polymerases collide, leading to decreased expression of one or both transcription units. The fact that latent HIV-1 proviruses are commonly found in actively transcribed genes suggests that transcriptional interference may be important in the maintenance of proviral latency.
of the tight binding affinity of NF-kB that overcomes interference and results in effective proviral reactivation (De Marco et al. 2008 ).
RNA Pol II Initiation
Initiation of HIV-1 gene expression is critically dependent on a range of host transcription factors whose activities are induced by extracellular stimuli, including T-cell receptor ligation or the action of various cytokines (Colin and Van Lint 2009) . Key inducible transcription factors include NF-kB, NFAT, and AP-1, which interact with their cognate enhancers within the HIV-1 LTR. In resting cells, both NF-kB and NFAT are sequestered in the cytoplasm and thus are not available in the nucleus to promote the activation of latent HIV-1 proviruses. Sp1 also plays a key role by binding at three sites in the core promoter. Elimination of one or more of these sites greatly impairs both basal and Tatdependent activation of the HIV-1 LTR (Ross et al. 1991; Sune and Garcia-Blanco 1995) . Sp1 may act, at least in part, through its associations with TATA-box-binding protein (TBP), TBP-associated factor (TAF) 250, and TAF55 (Emili et al. 1994; Chiang and Roeder 1995; Shao et al. 1995) . The juxtaposition of the Sp1 and kB sites also appears to be critically important for full LTR activation (Perkins et al. 1993 ). Of note, both NF-kB and NFAT bind to the kB sites (Kinoshita et al. 1998) . Which of these factors is more important for activation of latent HIV-1 proviruses continues to be hotly debated in the field, but it seems likely that cellular context is critical. In contrast to the key roles of the kB enhancers and Sp1 sites in the reactivation of latent provirus, binding sites for other described transcription factors (e.g., LEF-1, COUP-TF, YY1, Ets-1, and USF) likely play more supporting roles (Rohr et al. 2003) .
Members of the NF-kB/Rel family of transcription factors exert both activating and inhibitory effects on the HIV-1 LTR. For example, the binding of homodimers of p50 recruits HDAC1 and leads to transcriptional inhibition because of histone deacetylation and chromatin condensation (Williams et al. 2006) . Conversely, p50/RelA heterodimers (the prototypical NF-kB complex) readily displace p50 homodimers and promote strong transcriptional activation. These effects of NFkB, in part, involve the recruitment of p300/ CBP (Gerritsen et al. 1997) , which mediates acetylation of histone tails and leads to increased RNA Pol II and TFIIH/CDK7 binding. The latter complex helps mediate promoter clearance and phosphorylates the carboxy-terminal domain (CTD) of RNA Pol II on serine-5 residues. Finally, RelA has also been implicated in the recruitment of P-TEFb to the HIV LTR (Barboric et al. 2001) , although BRD4 also may play a role (Yang et al. 2005) . The PTEFb complex, comprising cyclin T1 and CDK9, phosphorylates serine 2 in the CTD of RNA Pol II, thereby promoting effective Pol II elongation. This P-TEFb complex is hijacked by HIV Tat to drive highlevel Pol II elongation (Fig. 4) (Wei et al. 1998) . Like the negative regulation of NF-kB and NFAT, P-TEFb is also partially sequestered in an inactive ribonucleoprotein complex composed of 7SK RNA and HEXIM-1 (7SK snRNP complex) (Yang et al. 2001) .
Just as posttranslational modification of histone tails plays a key role in regulating HIV-1 gene expression, reversible acetylation of nonhistone substrates, notably the NF-kB RelA subunit, also regulates HIV-1 LTR activation . The RelA subunit is targeted by p300/CBP for acetylation at multiple sites, including lysines 218, 221, and 310. These modifications regulate distinct NF-kB functions (Chen et al. 2001 , including DNA binding, assembly with IkBa, and the overall transcriptional activity of NF-kB. Acetylation of RelA is reversed by the actions of two deacetylases, HDAC3 (Chen et al. 2001) , and SIRT1 (Yeung et al. 2004) . Of note, SIRT1-mediated deacetylation of RelA at lysine 310 is blocked by HIV Tat. Because acetylation of lysine 310 in RelA greatly enhances transcriptional activity, this inhibitory effect of Tat could markedly boost NF-kB action and increase viral gene expression as well as expression of genes involved in inflammation and immune activation (Kwon et al. 2008 ). Importantly, HDAC3-mediated deacetylation of lysine 221 restores the ability of newly synthesized IkBa to bind to RelA (Sun et al. 1993 ), leading in turn to nuclear export of NF-kB, thereby terminating its transcriptional activity.
These studies highlight how dynamic changes in the acetylation state of RelA serve as an intranuclear molecular switch regulating both the strength and duration of the NF-kB transcriptional response and consequently the activation of its target genes, including integrated latent HIV-1 proviruses. Many agents being considered for purging of the latent reservoir correspond to inducers of the NF-kB pathway. Unfortunately, because NF-kB is a "master regulator" of so many key responses in mammals, side effects will almost certainly occur.
RNA Pol II Elongation
HIV-1 transcription can be viewed as occurring in two phases: an early Tat-independent phase that promotes at best low-level expression of viral genes but importantly allows production of Tat, and a later Tat-dependent phase that mediates high-level viral transcription (Barboric and Peterlin 2005). The relative absence of Tat may serve as a central driver of HIV-1 latency (Karn 2011) . Tat acts by binding to the transactivation-responsive element (TAR), a rather simple RNA stem-loop structure located at the 5 0 end of all viral transcripts (Fig. 2) . The Tat-TAR complex in turn binds P-TEFb, which mediates serine-2 phosphorylation of the CTD of Pol II (Parada and Roeder 1996; Kim et al. 2002) and phosphorylation of Spt5, a factor that prevents premature Pol II release at terminator sequences . These events result in highly effective RNA Pol II elongation. In the absence of Tat, the elongating Pol II complex transcripts are naturally obstructed because of binding of two factors, termed negative elongation factor (NELF) and Figure 4. HIV-1 Tat effectively antagonizes HIV-1 latency by liberating P-TEFb from an inactive 7SK snRNP complex. In addition to the Tat-Cyclin T1-CDK9 complex that binds to TAR and promotes serine-2 phosphorylation of the carboxy-terminal domain of RNA Pol II, thereby eliminating promoter proximal pausing, two additional Tat complexes have recently been discovered. Tat complex 1 corresponds to the assembly of Tat-Cyclin T1-CDK9 with AFF1, AFF4, AFR, ENL, EAF1, and ELL2. This complex has been termed a "super-elongation complex." ELL2 blocks backtracking by RNA Pol II. AFR, ENL, and AF9 correspond to transcription factors/ coactivators; AF9 potentiates CDK9 kinase activity. Tat complex 2 corresponds to the 7SK snRNP complex lacking HEXIM. This RNP complex may correspond to an additional reservoir of Tat-CyclinT1-CDk9 within cells.
However, its precise function remains to be delineated.
DRB sensitivity-inducing factor (DSIF). This obstruction results in the production of short viral transcripts of 60 nucleotides in length. Phosphorylation of NELF by P-TEFb (Fujinaga et al. 2004 ) and the promoter-clearing action of TFIIH/CDK7 remove these inhibitors and, when coupled with the positive effects of Pol II and Spt5 phosphorylation, set the stage for unimpeded high-level Pol II elongation. In resting cells, cyclin T1 levels are often low, resulting in decreased P-TEFb activity (Liou et al. 2002) . This could also contribute to latency in resting cells. Recently, the first crystal structure for Tat bound to P-TEFb was reported (Tahirov et al. 2010 ). This structure, resolved at 2.1 angstroms, reveals intimate contacts between Tat and the T loop of CDK9 and marked interactions of Tat with cyclin T1. Tat-induced changes in the conformation of P-TEFb likely explain how this viral protein liberates this complex from HEXIM-1 and 7SK RNA (Fig. 4) . This structure could lead to the rational design of a new class of HIV-1 inhibitors targeting Tat. Because Tat plays such a pivotal role in controlling viral gene expression, it is understandable how small stochastic changes in its expression can determine whether viral latency or productive infection ensues (Weinberger et al. 2005) .
As noted, Tat cannot produce its effects in the absence of P-TEFb, a kinase complex that is normally bound in a ribonucleoprotein complex of 7SK RNA and HEXIM-1 or HEXIM-2 (Fig. 4) . Tat effectively liberates P-TEFb from this complex. However, the Tat-P-TEFb complex might not be as simple as originally thought. Rather than just three proteins, a much larger complex of the coactivators AFF4, ENL, and AF9 and the elongation factor ELL2 has recently been detected by two groups (He et al. 2010; Sobhian et al. 2010) (Fig. 4, Tat complex 1) . ELL2 promotes elongation by curbing RNA Pol II "backtracking," and as such, its presence in the Tat complex is quite intriguing. A second complex of Tat, P-TEFb, and 7SK RNA but lacking Hexim-1 has also been isolated (Sobhian et al. 2010) (Fig. 4, Tat complex 2) . The function of this complex is not yet clear, but it could correspond to a partially active pool of P-TEFb (Karn 2011) .
RNA Splicing and Export
Considerable attention has focused on the role of chromatin and transcription in the control of HIV-1 latency. However, another rather unexpected mechanism has emerged. Specifically, resting CD4 þ T cells from HIV-1-infected patients on antiretroviral therapy retain both Tat and Rev transcripts in their nuclei (Lassen et al. 2006 ). This finding stands in sharp contrast to the effective export of these multiply spliced viral transcripts in activated CD4 þ T cells. This defect in viral RNA export can be rescued by ectopic expression of polypyrimidine tract binding protein (PTB), an RNA export protein. Of note, a short form of PTB is present in resting CD4 þ T cells, whereas full-length PTB is virtually undetectable. Whether this export difference is rooted in changes in the splicing of the export protein or a selective degradation of PTB in resting CD4 þ T cells remains to be determined.
CLINICAL SIGNIFICANCE OF HIV-1 LATENCY
The existence of a latent reservoir for HIV-1 has implications for eradication efforts and also for understanding the clinical response to antiretroviral therapy, in particular the decay in viremia after initiation of treatment. In 1995, George Shaw and David Ho showed that treatment with a potent antiretroviral drug caused plasma viral levels to fall exponentially (Fig. 5) (Ho et al. 1995; Wei et al. 1995) . They reasoned that the newer antiretroviral drugs were powerful enough to stop all new infection of susceptible cells. Importantly, all antiretroviral drugs in clinical use block new infection of susceptible cells but not the release of virions by cells that contain integrated proviruses. If the drugs completely block de novo infection, virus appearing in the plasma must come from cells infected before therapy. Because the decay rate of free virus is very fast, the decrease in plasma virus levels after initiation of effective therapy is determined mainly by the decay rate of previously infected cells. The rapid initial drop in plasma virus level directly reflects the short half-life ( 1 day) of the CD4 þ T lymphoblasts that produce most of the plasma virus (Fig. 5) . If the initial therapy is monotherapy, viremia rebounds because of the outgrowth of preexistent resistant variants (Wei et al. 1995) . Conversely, when appropriate combinations of three antiretroviral drugs are started, plasma virus levels almost always fall to below the limit of detection (Gulick et al. 1997; Hammer et al. 1997; Perelson et al. 1997) . After the rapid initial decay during the first 1-2 weeks of treatment, plasma virus levels decline at a slower rate, reflecting the release of virus from another population of infected cells with a slower decay rate (Fig. 5) . Interestingly, the nature of the cells responsible for this second-phase decay is still unclear (Spivak et al. 2011 ). Initially, it was hoped that the second-phase decay would continue, eventually leading to eradication (Perelson et al. 1997) . However, studies with especially sensitive assays for plasma HIV-1 revealed at least one more phase in the decay curve (Fig. 5) . In many patients, viremia appears to level off at around 1 copy/ml and remain at that level indefinitely (Dornadula et al. 1999; Maldarelli et al. 2007; Palmer et al. 2008 ). This persistent viremia at levels below the limit of detection of the standard clinical assay (50 copies/ml) is termed residual viremia.
Initially, residual viremia was thought to result from ongoing rounds of replication despite drug treatment (Dornadula et al. 1999) . Such a scenario raises the possibility of the eventual emergence of drug-resistant virus and viral rebound. However, viral rebound is not seen in adherent patients, and as discussed below, direct sequence analysis of residual viremia suggests another explanation, namely, the release of virus from stable reservoirs, such as that found in resting CD4 þ T cells. Every day, a small fraction of the cells in this latent reservoir may become activated by encounter with antigen or cytokines. Although the virus produced by these activated cells will not infect other cells if antiretroviral treatment completely blocks new infection events, the released virus can still be detected in the plasma by sensitive RT-PCR assays. . Dynamics of viral decay in patients on HAART medications. After initiation of HAART, levels of plasma virus fall rapidly, reflecting the exponential decay of the activated CD4 þ T cells that produce most of the plasma virus and the slower decay of a second population of infected cells that have a half-life of about 2 weeks. The second phase decay brings the level of plasma virus down to a new steady state that is below the limit of detection of clinical assays (50 copies/ml). The average level of residual viremia is around 1 copy/ml. Residual viremia appears to reflect release of virus from stable reservoirs and is not reduced further by treatment intensification. Biological and statistical fluctuations in the level of this residual viremia are occasionally captured in clinical measurements as "blips," but these transient elevations do not reflect the evolution of resistant virus.
Evidence that this residual viremia is derived at least in part from the reactivation of latent virus in resting CD4 þ T cells comes from studies in which the rare viruses in the plasma of patients on suppressive HAART regimens have been directly sequenced. These viruses lack new resistance mutations (Hermankova et al. 2001; Kieffer et al. 2004; Persaud et al. 2004; Nettles et al. 2005; Bailey et al. 2006) , even during the blips or transient elevations in viremia that many patients experience (Fig. 5) . When phylogenetic analyses are performed, sequences from the plasma virus and those from viruses present in the latent reservoir in resting CD4
þ T cells are intermingled and, in some cases, identical. These findings indicate that at least some of the residual viremia may be derived from latently infected cells that have become activated (Tobin et al. 2005; Bailey et al. 2006 ). However, several recent studies suggest that the relationship between the free virus particles detected in the plasma of patients on HAARTand the virus archived in the latent reservoir in resting CD4 þ T cells is more complex (see below). In any event, direct analysis of residual viremia has provided little evidence for the notion that these viruses are derived from ongoing productive rounds of viral replication. Rather, these viruses are largely derived from stable reservoirs.
This conclusion is strongly supported by the results of intensification studies. Dinoso et al. (2009a,b) showed that intensification of optimal three-drug HAART regimens by addition of a fourth drug, either the potent reverse transcriptase inhibitor efavirenz or boosted forms of the protease inhibitors atazanavir or lopinavir, had no effect on the level of residual viremia (Dinoso et al. 2009a) . Subsequent studies showed that intensification with the integrase inhibitor raltegravir similarly did not reduce residual viremia (Gandhi et al. 2010a; McMahon et al. 2010) . Intensification also fails to reduce the size of the latent reservoir (Gandhi et al. 2010b) . These findings are consistent with the idea that residual viremia reflects release of virus from stable reservoirs rather than ongoing viral replication. The highly cooperative dose-response curves of some classes of antiretroviral drugs allow extraordinarily high levels (10 logs) of inhibition of viral replication (Shen et al. 2008) , providing a pharmacodynamic explanation for the ability of combinations of antiretroviral drugs to completely block viral replication.
From a clinical standpoint, the latent reservoir for HIV-1 in resting CD4 þ T cells is also important as a repository for drug-resistant viruses (Persaud et al. 2000; Noe et al. 2005) . During periods of active viral replication, new sequences are continuously deposited in the latent reservoir. In patients who are failing therapy with drug-resistant virus, these resistant viruses are deposited in the latent reservoir and can potentially reemerge if treatment with the failed regimen is reinstituted. Interestingly, the original wild-type viruses also persist in the latent reservoir and can reemerge if all treatment is stopped in patients who are failing therapy (Deeks et al. 2001; Ruff et al. 2002) .
OTHER VIRAL RESERVOIRS
Since the original description of the latent reservoir in resting CD4 þ T cells, several cell types and anatomical sites have been proposed as additional reservoirs. Unfortunately, the terms latency and reservoir have been used rather loosely. An accepted definition of latency is given above. A practical definition for an HIV-1 reservoir is a cell type or anatomical site that allows persistence of replicationcompetent HIV-1 for long periods of time in patients on optimal HAART regimens. In a practical sense, reservoirs are barriers to eradication. Eradication strategies will likely be attempted only in patients who have had suppression of active viral replication with HAART for prolonged periods (greater than 1 year, for example). Thus, the only reservoirs that are clinically significant are those that allow persistence on a time scale of years. To date, only the latent reservoir in resting CD4
þ T cells has met this criterion (Finzi et al. 1999; Siliciano et al. 2003; Strain et al. 2003) .
Mullins and colleagues proposed an elegant phylogenetic approach for defining reservoirs. A reservoir allows long-term persistence of viral genomes, and thus, sequences obtained from a reservoir show a distinct lack of temporal structure in that sequences isolated at later time points do not show greater divergence from the most recent common ancestor. The latent reservoir in resting CD4 þ T cells meets this criteria (Ruff et al. 2002) . For example, wild-type sequences are preserved in the latent reservoir even in patients failing therapy with drug-resistant viruses (Ruff et al. 2002) .
As discussed above, another approach to identifying reservoirs is to examine the sequences from the residual viremia in patients on HAART. Because the half-life of virions in the plasma is on the order of minutes, the continued presence of free virus in the plasma indicates ongoing virus production. As discussed above, this does not appear to reflect new cycles of replication because residual viremia is not reduced by intensification of HAART. Rather it reflects release of virus from stable reservoirs, and therefore, analysis of residual viremia might provide important clues to the nature of these reservoirs. In general, the residual viremia resembles viral sequences in resting CD4 þ T cells ). However, in some patients, the residual viremia is dominated by a small number of viral clones that are not well represented in circulating CD4 þ T cells . In addition, analysis of viral sequences in resting CD4 þ T cell and in the residual viremia with phylogenetic methods designed to detect population structure revealed that some of the viruses in the plasma represent a distinct population not found in resting CD4 þ T cells in the blood (Ruff et al. 2002; Nickle et al. 2003) . These studies suggest that, in addition to the latent reservoir in resting CD4 þ T cells, an additional source of residual viremia may exist in patients on HAART.
Cells of the monocyte-macrophage lineage are clearly infected by HIV-1 (Gartner et al. 1986; Igarashi et al. 2001) . The role of macrophages in HIV-1 pathogenesis is described in Brennan et al. (2009 ), Sahu et al. (2009 ), and Swanstrom and Coffin (2011 . Infected macrophages may constitute a particularly important source of virus late in the course of disease when CD4 þ T cells have been largely depleted (Igarashi et al. 2001) . It is less clear whether a true state of latency is established in macrophages in vivo; the infection is typically productive in these cells. There is some evidence for infection of circulating monocytes (Zhu et al. 2002; Arfi et al. 2008) , but these cells cannot be considered a reservoir because they circulate only for about 1 day before entering the tissues and differentiating into macrophages. Importantly, monocytes can cross the blood -brain barrier and differentiate into macrophages and microglial cells. Thus, infection of monocytes may provide a mechanism for entry of virus into the central nervous system (CNS) (Gras and Kaul 2010) . Infected macrophages and microglial cells clearly contribute to viral persistence and CNS pathology in HIV-1 infection (Schnell et al. 2009 ), and there is evidence in the SIV model for latent infection (Clements et al. 2002) . In determining the importance of these cells as long-term reservoirs for HIV-1 in patients on HAART, it is important to understand their turnover rates. These cells are continually replaced by monocytes, but their half-lives are poorly understood. There is considerable controversy over the question of whether progenitor cells in the monocyte-macrophage lineage or hematopoietic stem cells (HSC) are infected in vivo. Interest in this issue has been heightened by recent evidence that HIV-1 can infect hematopoietic progenitor cells and establish a state of latent infection (Carter et al. 2010) . The extent to which these cells survive in patients on HAART remains unclear.
ERADICATION STRATEGIES
There is now great interest in finding a way to eliminate the latent reservoir in resting CD4 þ T cells (Richman et al. 2009 ). Some investigators have suggested that the stability of the latent reservoir is a reflection of continued reseeding of the reservoir by new rounds of infection despite the presence of potent antiviral drugs (Chun et al. 2005) . If this were true, then intensification of HAART might reduce residual viremia and accelerate the decay of the latent reservoir. However, as discussed above, intensification does not affect residual viremia. The remarkable stability of the reservoir is more likely because of the fact that it resides in longlived resting memory CD4 þ T cells (Chun et al. 1997a) . Recent results suggest that the low level of homeostatic proliferation that maintains the pool of memory T cells may contribute to the stability of the reservoir (Chomont et al. 2009 ).
Because intensification of HAART is unlikely to lead to eradication, current efforts have focused on finding ways to reactivate latent HIV-1 in patients on HAART. The presumption is that infected cells in which latency is reversed will die from viral cytopathic effects or be killed by HIV-1-specific cytolytic T lymphocytes. It is also presumed that HAART will prevent new rounds of infections by virus released in the process. Initial efforts to reverse latency involved the cytokine IL-2. Although treated patients appeared to have reduced numbers of latently infected cells, rapid rebound in viremia was observed when treatment was interrupted (Davey et al. 1999) . Attempts to induce global T-cell activation with anti-CD3 antibodies were also unsuccessful. There is now interest in the cytokine IL-7 that is more effective in reversing latency than IL-2 (Brooks et al. 2003) . Unfortunately, IL-7 also drives homeostatic proliferation of memory T cells and could lead to expansion of the latent reservoir (Chomont et al. 2009 ). More recent efforts have taken advantage of advances in our understanding of the molecular mechanisms regulating HIV-1 latency. Agonists of protein kinase C (Kulkosky et al. 2001; Korin et al. 2002; Brooks et al. 2003; Williams et al. 2004 ) and inhibitors of histone deacetylases (Ylisastigui et al. 2004; Lehrman et al. 2005; Williams et al. 2006; Archin et al. 2009 ) have shown promise in in vitro models. These approaches are discussed more fully in Hoxie and June (2011) . A major problem with all of these approaches is their lack of specificity for infected cells.
Appropriate experimental models are likely to be critical to the development of approaches for eliminating the latent reservoir. Recently, several laboratories developed primary cell models for HIV-1 latency (reviewed in Gulick et al. 1997 ). These models appear to recapitulate the biology of the quiescent G 0 cells that harbor latent HIV-1 in vivo better than models based on continuously proliferating cell lines. However, it is not yet clear what models most accurately reflect the behavior of latently infected cells in vivo. Another major advance has been the development of SIV/macaque models for HIV-1 latency. SIV establishes a state of latent infection in resting CD4 þ T cells in the same way that HIV-1 does (Shen et al. 2003) . Several groups recently developed SIV or SHIV models that are sensitive to HAART (Shen et al. 2003; Dinoso et al. 2009b; North et al. 2010) . In these models, agents that might effectively purge virus from the latent reservoir can be evaluated.
CONCLUDING PERSPECTIVE
A subset of resting memory CD4 þ T cells harboring integrated but transcriptionally silent HIV-1 proviruses currently poses an insurmountable barrier to viral eradication in infected subjects. Achieving the lofty goal of viral eradication will certainly not be easy because of both the intrinsic biological properties of latent proviruses and the nature of their cellular hosts. However, a better understanding of the mechanisms that underlie viral latency and a fuller appreciation for the range of cells participating in meaningful cellular reservoirs could result in a rational attack on latent HIV-1 reservoirs. Achieving the goal of complete viral eradication or alternatively a functional cure, in which subjects continue to harbor virus but do not require antiretroviral therapy, could be critical for the millions of infected individuals in the developing world where the availability of lifelong antiretroviral therapy is uncertain at best.
